Abstract: Thermotropic liquid crystalline polymer (TLCP) nanocomposites with different organoclay contents were prepared by a method combining ultrasonication, centrifugation and solution casting methods. The effects of organoclay concentration on morphology, liquid crystallinity and thermal properties of nanocomposites were characterized. Molecular level interactions existed in nanocomposites. With a small amount of organoclay (nominal 3.0 wt %), it was enough to change TLCP properties with enhanced thermal stability though with a small negative effect on liquid crystallinity. When high concentration organoclay was added, thermal stability decreased and liquid crystallinity lost with shearinduced phase separation occurrence.
Introduction
Polymer nanocomposites are a class of composites consisting of ultrafine inorganic particles with size of the order of nanometers homogenously dispersed in a polymer matrix. Because of the small size of the particles, nanocomposites can possess properties that are superior to those of conventional composites, since interfacial adhesion is maximized. Molten thermotropic liquid crystalline polymers (TLCPs) have physical properties that are dependent on dynamics of small molecule liquid crystals and flexible chain polymers. Nanocomposites based on TLCP and organoclay with different organoclay concentrations have been recently studied by several groups. Nanocomposites of TLCP (TLCP with an alkoxy side-group, synthesized from 2-ethoxydroquinone and 2-bromoterephthalic acid) with organoclay (Closite 25A) were prepared by melting intercalation above the melt transition temperature of the TLCP [1] . The addition of 2-6 wt% Closite 25A to the TLCP maintained liquid crystallinity, and thermal behaviours (T g and T m ) of the nanocomposites were enhanced with increasing clay content but isotropic transition temperatures (T i ) were unchanged. Chang et al. [2] also prepared a series of aromatic TLCP nanocomposites of p-acetoxybenzoic acid (ABA), terephthalic acid (TPA) and diacetoxynaphthalene (DAN) (2,3-and 2,7-naphthylene) isomers with organoclay content in the range of 0-10 wt% by in situ intercalation polymerization. All nanocomposites showed nematic liquid crystalline phase with organoclay content less than 5 wt%. The introduction of an organoclay into the 2,3-DAN copolyester hybrids was found to improve the thermal properties but into the 2,7-DAN copolyester hybrids was found to deteriorate the thermal properties. A series of nanocomposites were synthesized by intercalation polycondensation of terephthalic acid, p-acetoxybenzoic acid and 1,2-diacetoxy benzene in the presence of different organically modified montmorillonites with organoclay content up to 10 wt% by Zhang et al. [3] . They found that the T g value of the nanocomposites slightly increased compared with that of the pure polymer, whereas the T i value decreased more significantly as the organoclay content increased.
In the above studies, effects of organoclay concentration on the morphology, liquid crystallinity and thermal properties of the LCP nanocomposites were highly dependent on preparation methods, LCP components and types of organoclay. The TLCP used in this study was an effective processing aid agent in the extrusion of polyethylene/organoclay nanocomposite with viscosity reduction in excess of 95 % [4] . The effects of TLCP concentration on polyethylene [5] and the interactions between TLCP and polyethylene [5] [6] [7] were studied in detail, but the effects of organoclay concentration on TLCP and interactions between TLCP and organoclay have not been clarified. In this study, a method combining ultrasonication, centrifugation and solution casting was used to prepare organoclay/TLCP nanocomposites and the effects of organoclay concentration of nominal 3.0 wt%, 25.0 wt% and 50.0 wt% on TLCP properties were characterized. The variations of organoclay content on organoclay dispersion, interactions with TLCP molecules, liquid crystallinity and thermal stability will be discussed.
Results and discussion

Molecular level interactions between organoclay and TLCP
Mixtures of TLCP/organoclay in chloroform after ultrasonication and separation procedure were used in FITR by liquid cell container. Figure 1 groups, having some relationship with the TLCP molecules ordering structure. The relative intensities increasing meant the packing of TLCP molecules become more regular with addition of organoclay, especially in TC3.
A few IR transmission spectra studies of nanocomposite specimens have been reported. In the case of film, attenuated total reflectance (ATR) FTIR spectroscopy is an effective tool for surface measurement, since clear and complete transmission spectra are always difficult to collect because of light scattering and filament surface reflection [8] . Figure 2 shows the nanocomposite films FTIR spectra using ATR mode. The spectra demonstrated some different phenomena with nanocomposites measured in solution. in TLCP with 2M2HT in organoclay. There was no shifting for TC3, but for the 25 wt% organoclay/TLCP blend (TC25), peak position shifted to 1045 cm -1 and for TC50, it degenerated to a shoulder. This was caused by the cooperation of strong absorption that existed between organoclay and TLCP molecules. The relative intensity ratio of symmetry/asymmetry stretching (1015 cm -1
1260cm
-1 ) also increased with organoclay concentration increasing.
Those peaks at 1730 cm -1 , 1742 cm -1 and 1755 cm -1 are the absorption peaks for
. With clay concentration increasing, the internal interaction at 1730 cm -1 shifted to high wavenumber and 1742 cm -1 disappeared, but the external interaction increased. 
Organoclay dispersions and morphologies in TLCP
The X-ray diffraction results are shown in Figure 3 . The d 001 reflection for the asreceived clay was found at θ 2 =3.75 0 , which corresponds to an interlayer distance of 2.35 nm. There is no peak at this region for TLCP. For TC3, only a peak with low intensity at d = 3.46 nm was found in the XRD patterns for the film samples. A substantial increase in the intensities was observed for clay loading increase as shown in Figure 3 , which suggested that the dispersion was better at lower clay loading than at a higher clay loading. The organoclay concentration was found, however, to have a little effect on the location of the peak, from 3.46 nm for TC3 to 3.40 nm for TC25 and 3.21 nm for TC50. All XRD patterns indicated that perfect exfoliation of the clay layer structure of the organoclay in TLCP did not occur and the compatibility of clay and TLCP was excellent, even 50.0 wt% clay got intercalated morphology in TLCP. The clay dispersion in polymer matrix was further examined using electron microscopy. Electron microscopy and XRD are complementary techniques that can provide information missed by other techniques [9] .Typical transmission electron microscopy (TEM) photographs for nanocomposites with various organoclay contents are shown in Figure 4 -6. The dark lines are the intersections of 1-nm thick sheet layers. Figure 4 shows the TEM photographs of TC3. These show that the organoclay was dispersed in the polymer matrix at both magnification levels, with some agglomeration at size levels no greater than ~50 nm. The peaks in the XRD patterns of these samples were attributed to the agglomerated layers. When organoclay increases to 25 .0 wt% (Figure 5 ), the cluster size increased to more than 100 nm and even heterogeneous dispersion macroscopically could be observed. The alignment or ordered structures were clearly seen in the lower magnification photo, which is consistent with FTIR-ATR results. With concentration increasing to 50.0 wt% (Figure 6 ), clay layers covered all areas with large amounts of macroscopic agglomeration. These images also show that clusters or agglomerated particles were detected at both magnifications with different sizes for all nanocomposites. 
Thermal behaviours
Differential scanning calorimetry (DSC) traces of the pure TLCP and hybrids are shown in Fig. 7 , as the 1 st heating curves. There exist two peaks for pure TLCP, which correspond to the serve segmental distribution [10] . With different concentrations of clay added into the TLCP, the TLCP molecules exist in two different areas in clay, extragallery and intragallery. In extragallery, without little effect of the layer structure, the arrangement of LCP molecules are similar to that of pure TLCP, but more ordered owing to the effect of the surface of layered silicate. Therefore, T me , which is the melting temperature in extragallery of the nanocomposite, is slightly lower than the melting point of the pure TLCP.
As organoclay concentration increases, the shifting magnitude increases. TC3 hybrid also has a peak below T me , which is the glass transition peak of the hybrid [11] . In intragallery, the TLCP molecules' long chains adopts a vertical orientation to the layered silicate gallery surfaces in order, so the endothermic peak above T me is T mi , which is the melting temperature of TLCP inside intragallery and as organoclay concentration increases, the shifting magnitude increases. 
Thermal stability
Thermal stability of polymeric material is usually studied by thermogravimetric analysis (TGA). Generally, the incorporation of clay into the polymer matrix is found to enhance thermal stability by clay acting as a superior insulator and mass transport barrier to the volatile products generated during decomposition in the inert gas condition and to the oxygen during oxidation procedure in the air condition. A comparative thermal gravimetric analysis of TLCP, organoclay and nanocomposites in air and N 2 conditions is shown in Figure 8 . TGA curves do not show weight loss below 200 o C, as shown in the Figure 8 , indicating that no water or residual solvent remained in the samples. Because of some organic molecules in interlayer spaces, clay began to lose weight at 230 o C and finally had 30.0 wt% losses at 600 o C at two different conditions, similar to the results reported by Chiu et al. [12] . In air condition, no oxidation occurred for nanocomposites until 270 o C, TLCP and TC3 curves follow the same route but TC25 and TC50 followed another route. The deviation occurred after that temperature with TC3 showing lower weight loss than TLCP, and TC25 showing higher thermal stability than TC50 until 600 o C. In a word, TC3 shows higher thermal stability in air than TLCP, TC25 and TC50. The thermal stability in N 2 atmosphere of materials is presented in Figure 8 (b). TC3 had the highest thermal decomposition temperature than any other material. TGA results also can be used to estimate the approximate concentration of organoclay in nanocomposites. Table 1 shows the results coming from TGA in two experimental conditions with 3 specimens being used in each condition. The resulted concentrations of organoclay were not the same as nominated ones, and these were due to the loss of organoclays in centrifugation process during sample preparation.
Liquid Crystalline Mesophase
TLCP were found to form liquid crystalline mesophases about T m or in fluid melt states. This implies that when a copolyester chain comprises on an average of mesogen HBA unit and spacer HA-SQ units, it is able to form a liquid crystalline mesophase, when the other inclusive is in the composites in our research systems. Typical photomicrographs obtained through a polarizing microscope of optical textures of the liquid crystalline structures are shown in Figure 9 -12 for TLCP, TC3, TC25 and TC50 nanocomposites, respectively.
The in-situ textures, sheared with a steady shear rate 0.5 1/s for 3600 seconds then relaxed, have been done in CSS 450 system at 190 0 C with the nominated gap 20 micrometer. The pictures were taken with polarized optical microscope (POM) simultaneous. The incident polarization was oriented along the flow direction and the analyzer was oriented perpendicular to this polarization. The first images (Figure 9 (a), 10(a), 11(a) and 12(a)) were the microstructures of the melt TLCP and nanocomposites in the quiescent state at 190 o C. TLCP micrograph (Figure 9 (a)) illustrates a texture surrounding blue, yellow and pink regions, which indicated domains of different orientation. TC3 (Figure 10(a) ) shows darker yellow domain with a few other colour. TC25 (Figure 11(a) ) and TC50 (Figure 12(a) ) give just grey and dark colours, the nematic textures with colourful domains are not exhibited. With organoclay concentration increased, the light transmission ratio decreased dramatically due to layered structure of clay random dispersed in TLCP and attenuated light intensity in all directions. None of nanocomposites with high organoclay concentrations (TC25 and TC50) exhibited a nematic mesophase. This suggested that liquid crystallinity was destroyed by an excess of organoclay.
Upon the startup of the shear flow, the domain texture became deformed, stretched and aligned in the shear direction. The intensity of light increasing gradually was observed in TLCP and TC3 nanocomposite (Figure 9(b) and 10(b) ). At the end of shearing and relaxation for sufficient time (more than 3600 seconds), TLCP ( Figure  9 (c))) exhibits colourful texture with yellow, red and blue and TC3 (Figure 10(c) ) gives dark red domain colour with a few blue and yellow. Once steady flow was reached, the monodomain with a few defect structures were formed. Based on the same shear history, TLCP and TC3 showed the similar Schlieren texture of the nematic phase two fold brushes. Interesting phenomenon occurs on Figure 10(c) , the incorporation of a small amount of organoclay caused the small and imperfect schlience texture and the disclination points became blurry. The results indicated that organoclay layers affected the packing of LCP chains in liquid crystalline state and led to more fine liquid crystalline domains and more defects in liquid crystalline domains. Meanwhile, small size organoclays clusters also appeared in the figure. This belonged to shear induced heterogenesous, which may due to excellent interactions of organoclay with TLCP molecules or too large of organoclay size or high concentration of organoclay, which will be discussed in the following publications. The photomicrographs of TC25 and TC50 after relaxation at 190 o C (Figure 11 and 12) clearly show the shear induced heterogeneous or phase separation occurred, mainly due to the excess of organoclay in TLCP matrix. With excess amount of organoclay added, liquid crystalline and mesophase structures were damaged, as reported by other researchers [1] [2] [3] . Also phase separation became clear and severe. 
Experimental part
Materials and samples preparation
TLCP, a copolymer containing 30% p-hydroxybenzoic acid, 35% hydroquinone and 35% sebacic acid (HBA/HQ/SA), used here was synthesized and kindly supplied by B. P. Chemicals Ltd, UK. The number average and weight average molecular weights of TLCP were 7,000 kg/kmol and 25,000-30,000 kg/kmol respectively, as determined from GPC (Gel Permeation Chromatography). The as-received TLCP is a light brown powder that has been characterized previously [13] . Organoclay, Closite 20A, is a natural montmorillonite modified with dimethyl dihydrogenated tallow alkyl quaternary ammonium chloride. It was kindly supplied by Southern Clay Products, USA. In the chemical structure of the surfactant 2M2HT in the clay gallery, N + denotes quaternary ammonium chloride and HT denotes hydrogenated tallow consisting of ca. 65% C 18 , ca. 30% C 16 and ca. 5% C 14 .
Organoclay nanocomposites, 3.0 wt% organoclay/TLCP (TC3), 25 wt% organoclay/TLCP (TC25) and 50.0 wt% organoclay/TLCP (TC50), were prepared by the combined method of ultrasonication, centrifugation and solution casting methods. Initially, TLCP was dried in a vacuum oven at 120 o C for 2 days and organoclay in an oven at 100 o C overnight. The materials were dissolved and dispersed in chloroform respectively with a TLCP/organoclay weight ratio 97:3. The solutions were then stirred for about 4 hours at room temperature. After that, TLCP and organoclay were mixed together and the mixture was sonicated by ultrasonic pin vibration (Branson digital sonifier 450, USA) with 45% power for about 2 hours at room temperature. Subsequently, the mixture was centrifuged with a speed of 3,800 rpm for 45 minutes to separate the bottom layer precipitate which was believed to be redundant organoclay and unsolvable TLCP, and the top layer, if any, which was believed to be impurities in TLCP, from the middle portion; then the solvent was volatilized at room temperature. A nanocomposite was obtained, which was dried in an oven at 60 o C for 12 hours and in a vacuum oven at 120 o C for 2 days.
Materials characterization -Fourier transform infrared spectroscopy (FTIR)
A FTIR spectrometer (Bio-Rad FTS 6000, USA) was used at room temperature with a liquid cell container for solutions and with attenuated total reflectance mode for thin film. Spectral resolution was maintained at 2 cm -1 . Dry nitrogen gas was used to purge the sample compartment to reduce the interference of water and carbon dioxide in the spectrum. The solutions were the TLCP/chloroform and the TLCP/organoclay/chloroform solutions before evaporation procedure. Thin films were made by hot pressed final nanocomposites of TLCP/organoclay at 170 o C, the thickness of films are approximate 300 µm. Those thin films were first dried in a vacuum oven at 120 o C for 2 days before characterization.
-Wide angle X-ray diffraction (WAXRD)
WAXRD was conducted at room temperature on a Philips powder X-ray diffraction system (Model PW 1830, The Netherlands). TLCP and its nanocomposites were first dried in a vacuum oven for 2 days, then hot pressed at 170 o C to form films with thickness of 300 µm; organoclay was characterized in powder form. WAXRD was conducted with Cu kα radiation of wavelength 0.154 nm.
-Transmission electron microscopy (TEM)
The embedded nanocomposite was ultra-microtomed with glass knives on an ultracut microtome (Leica ultracut-R ultramicrotomed, Germany) at room temperature to give sections with a nominal thickness of 100 nm. The sections were transferred to Cu grids. TEM images were obtained with a transmission electron microscope at 200 KV (JEOL 2010, Japan).
-Differential Scanning Calorimeter (DSC)
The phase transition temperature of the nanocomposite based on TLCP was determined, via differential scanning calorimeter (PYRIS diamond DSC, Perkin-Elmer Instruments, USA), using indium as the calibration standard, with heating or cooling rates of 10.0 0 C/min under nitrogen atmosphere.
-Thermogravimetry analysis (TGA)
Thermal stability analysis was carried out by using a Hi-Res TGA 2950 Thermogravimetric analysis apparatus (TA instruments, USA). The test was carried out in air and N 2 with a heating rate of 20. The mesophase structures of the liquid-crystalline phase of TLCP and nanocomposites were investigated by POM using an Olympus microscope BX 50 with a Cambridge shear system CSS450 connecting a hot stage. The most outstanding feature of this setup is that it allows investigation of texture changes at different temperatures and under varying shear rates. Mesophase structure images were obtained at 190 o C after preshearing samples with a low shear rate i.e. 0.5 1/s for more than 3600 seconds to remove any shear history and anchored defects, and to give a common shear history or structure to samples before isotherm in a quiescent condition for sufficient time.
Conclusions
TLCP hybrids with different organoclay contents were prepared to investigate their morphology, liquid crystallinity and thermal properties. It was found that the addition of a small amount of organoclay (nominal 3.0 wt %) was enough to change the properties of the TLCP matrix polymer. Liquid crystallinity and mesophase structures were lost and phase separation phenomenon was severe when high concentration organoclay was added.
